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The ability to coherently control mechanical systems with optical fields has made great strides over
the past decade, and now includes the use of photon counting techniques to detect the non-classical
nature of mechanical states. These techniques may soon be used to perform an opto-mechanical
Bell test, hence highlighting the potential of cavity opto-mechanics for device-independent quantum
information processing. Here, we propose a witness which reveals opto-mechanical entanglement
without any constraint on the global detection efficiencies in a setup allowing one to test a Bell
inequality. While our witness relies on a well-defined description and correct experimental calibration
of the measurements, it does not need a detailed knowledge of the functioning of the opto-mechanical
system. A feasibility study including dominant sources of noise and loss shows that it can readily
be used to reveal opto-mechanical entanglement in present-day experiments with photonic crystal
nanobeam resonators.
Introduction.— Bell tests have initially been proposed
to show that correlations between the results of mea-
surements performed on two separated systems cannot
be reproduced by classical strategies [1]. They have
been used to show the limit of classical physics as a
complete description of small systems involving two
atoms [2, 3] or two photons [4, 5]. This naturally raises
the question of a Bell inequality violation with larger
systems. Concrete proposals have been made recently
along this line to realise Bell tests with cavity opto- and
electro-mechanical systems [6–8].
Cavity opto-mechanics is at the core of intense
research where the cavity field is used to control the
motion of a mechanical system via radiation pressure.
While initial efforts have focused on the cooling of
mechanical oscillators down to the ground state [9–11],
impressive results including the detection of electro- [12]
and opto-mechanical [13, 14] non-classical correlations
and entanglement between two remote mechanical sys-
tems [15] are now suggesting that cavity opto-mechanics
could serve as a building block of future quantum
networks [16] for the creation and storage of quantum
information [17, 18]. If one is to show that cavity opto-
mechanics can form the cornerstone of future quantum
networks, it is crucial to prove that it is qualified for
all possible uses of such networks. This means that the
qualification must be device-independent [19], that is,
it cannot rely on a physical description of the actual
implementation. A particular model using seemingly
harmless assumptions, on the underlying Hilbert space
dimension for instance, can completely corrupt the se-
curity guarantees that are offered by quantum networks
for secure communications over long distances [20, 21].
Device-independent schemes have been derived to certify
all the building blocks of quantum networks that can
be used to create, store or process quantum informa-
tion [22]. They could be directly implemented from the
Bell tests proposed in Refs. [6, 7]. Opto-mechanical Bell
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FIG. 1. A cavity optomechanical system is made with a cavity
with frequency ωc and a mechanical oscillator with frequency
Ωm. κ and γ are the cavity and mechanical decay rates re-
spectively. We consider the resolved sideband regime where
Ωm  κ. Starting with a cooled mechanical system, the cavity
opto-mechanical system is first driven by a laser resonant with
the blue sideband. Photon-phonon pairs are created by means
of an effective squeezing operation a†1b
† + h.c., the bosonic
operators a1 and b corresponding to the cavity photons and
mechanical phonons. The quantum nature of the correlations
between the cavity photon number and the phonon number
can be revealed by applying a laser resonant with the red side-
band. This effectively maps the phononic state to a photonic
state through a beamsplitter interaction a†2b + h.c. The re-
sulting photonic state involving two temporal modes a1 and
a2 is detected with a photon detector supplemented with a
displacement operation in phase space.
tests are thus not only of fundamental interest but are
resources to certify the usefulness of opto-mechanical
systems for long distance quantum communication with
device-independent security guarantees.
The violation of a Bell inequality as proposed in
Refs. [6–8] is, however, not trivial. Ref. [6] uses a
cavity opto-mechanical system in the resolved sideband
regime where the mechanical frequency is larger than
the cavity decay rate. Once cooled, the mechanical
system is excited by laser light resonant with the blue
sideband, see Fig. 1. Photons of the laser can decay
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2into phonon - photon pairs, the photon being resonant
with the cavity frequency and the phonon corresponding
to a single excitation of the vibrational mode of the
mechanical system. Energy conservation ensures that
for each phononic excitation of the mechanical state, the
cavity mode gets populated with a photonic excitation.
These quantum correlations between phonon and photon
numbers are strong enough to violate a Bell inequal-
ity [6, 7]. The way to show this consists first in mapping
the phononic excitations to cavity photons using laser
light driving the red opto-mechanical sideband. This
leads to a two-mode photonic state, where each mode
can subsequently be detected with photon counting
techniques preceded by displacement operations in phase
space. By changing the amplitude and phase of the local
displacements, the Bell-Clauser-Horne-Shimony-Holt
(Bell-CHSH) [23] inequality can be violated as long
as the global detection efficiency is higher than 67%.
While several experiments have been realized combining
cavity opto-mechanics in the revolved-sideband regime
and photon counting [13–15, 24], the requirement on the
efficiency remains very challenging to meet.
Here we propose the first step of an entire research
program aiming to violate a Bell inequality with opto-
mechanical systems, that is, we propose a witness for
revealing opto-mechanical entanglement in the same
scenario. In opposition to Bell tests, our witness
assumes a detailed description and correct experimental
calibration of measurements. This allows us to get rid of
the requirement on the detection efficiency, even without
any assumptions about the measured state. A feasibility
study shows that our witness can readily be used to
reveal opto-mechanical entanglement in present-day
experiments with photonic crystal nanobeam resonators.
Temporal evolution of the cavity field and mechani-
cal system— Let us recall the physics of optomechani-
cal systems in the resolved sideband and weak coupling
regime, which has been presented, at least partially, in
various references [6, 18, 25–27]. We consider the opti-
cal and mechanical modes of an opto-mechanical cavity
with frequencies ωc and Ωm respectively. The bosonic
operators associated to optical mode are called a and a†
while we use b and b† for the mechanical mode. g0 de-
notes the bare opto-mechanical coupling rate, κ and γ
the cavity and mechanical decay rates. The cavity opto-
mechanical system is laser driven on the lower or up-
per mechanical sideband with corresponding frequencies
ω± = ωc ± Ωm. The laser powers are labelled P± re-
spectively. The full Hamiltonian includes the uncoupled
cavity and mechanical H0 = ~ωca†a + ~Ωmb†b systems,
the opto-mechanical coupling −~g0a†a(b† + b) and the
coupling between the cavity mode and the driving laser
~
(
s∗±e
iω±ta+ s±e−iω±ta†
)
with |s±| =
√
κP±/~ω±. In
the interaction picture with respect toH0 and focusing in
the weak coupling g0  κ and resolved-sideband κ Ωm
regimes, the temporal evolution is given by a set of effec-
tive Langevin equations [18]
da
dt
=
i
~
[H±, a]− κ
2
a+
√
κain,
db
dt
=
i
~
[H±, b] (1)
with H+ = −~g0√n+
(
a†b† + h.c.
)
and H− =
−~g0√n−
(
a†b+ h.c.
)
for a blue and red detuned
driving laser respectively. n± =
|s±|2
Ω2m+κ
2/4 is the
intra-cavity photon number. ain is the noise entering
the cavity. The mechanical decay and corresponding
thermal noise are neglected, that is, we focus on
timescales smaller than the thermal decoherence time
of the mechanical system ~ωmkBTbathγ where kBTbath is the
Boltzmann energy.
Phonon-Photon correlations in the resolved sideband
regime— Let us first focus on the initial step where a
laser drives the upper sideband. We use the subscript 1
for the cavity field operators corresponding to this initial
step. We proceed with an adiabatic elimination of the
cavity mode da1dt = 0 that is, we consider a temporal
evolution which is long compared to κ−1. Together with
the input/ouput relation, that is, a1,out = −a1,in +
√
κa1,
we get
a1,out = a1,in + i
√
2g˜+b
†,
db1
dt
= g˜+b+ i
√
2g˜+a
†
1,in (2)
where g˜+ =
2g20n+
κ . Integrating the previous
equations and introducing the temporal modes
A1,in/out(t) =
√
2g˜+
±1∓e∓2g˜+t
∫ t
0
dt′e∓g˜+t
′
a1,in/out(t
′)
[25] leads to A1,out(t) = e
g˜+tA1,in(t) + i
√
e2g˜+t − 1b†(0),
b(t) = eg˜+tb(0) + i
√
e2g˜+t − 1A†1,in(t). These two solu-
tions can be written as A1,out(t) = U
†
1 (t)A1,inU1(t) and
b(t) = U†1 (t)b(0)U1(t) where the propagator U1(t) is
given by
U1(t) =e
i
√
1−e−2g˜+tA†1,inb†e−g˜+t(A
†
1,inA
†
1,in+b
†b+1)
× ei
√
1−e−2g˜+tA1,inb. (3)
When U1(t) is applied on the vacuum, phonon-photon
pairs are created where the phonon number equals
the photon number, each of them following a thermal
distribution with mean excitation number e2g˜+t − 1.
These correlations between the phonon and photon
numbers are strong enough to violate a Bell inequality,
c.f. below.
Phonon-Photon correlations as the basis for a Bell in-
equality violation— Consider the case where a laser drives
the lower sideband. We use the subscript 2 for the cavity
field operators corresponding to this second step. Follow-
ing the line of thought developed in the previous para-
graph while introducing g˜− =
2g20n−
κ , we can show that
3the cavity field and photon operators evolve according to
the propagator [6, 18]
U2(t) =e
i
√
e2g˜−t−1A2,inb†e−g˜−t(A
†
2,inA2,in−b†b)
× ei
√
e2g˜−t−1A†2,inb. (4)
This corresponds to a beamsplitter-type evolution,
performing a conversion between the phononic and
photonic modes with probability 1 − e−2g˜−t. In the
limit g˜−t → ∞, the phononic mode is perfectly mapped
to the photonic mode A2,out and the phonon-photon
correlations created in the first step are mapped to two
temporal photonic modes A1,out and A2,out. If both
the cavity and mechanical system are in the vacuum,
these two photonic temporal modes are described
by a vacuum squeezed state U2(t)
g˜−t→∞U1(T1)|0〉 =
e−g˜+T1e−
√
1−e−2g˜+T1A†1,outA†2,out |00〉. Refs. [28–30] have
shown that such a state violates the Bell-CHSH inequal-
ity when it is measured with photon detection preceded
by a displacement operation in phase space, the phase
and amplitude being used to change the measurement
setting. Ref. [6] showed that a minimum detection
efficiency of ∼67% is necessary to observe a violation
of the Bell-CHSH inequality. This minimum detection
efficiency even increases if the mechanical system is not
in its ground state initially [6]. These efficiencies include
all the loss from the cavity to the detector and are
thus challenging to obtain in practice. We show in the
following sections a way around this requirement which
consists in replacing the Bell-CHSH inequality by a
witness inequality, which assumes a physical description
and correct experimental calibration of the measurement
devices.
Photon counting preceded by a displacement opera-
tion— We focus on the setup described before, with
which a Bell inequality is tested using photon detections
preceded by a displacement operation D(α). Before
presenting our entanglement witness, we first comment
on such a measurement. We consider the realistic case
where the photon detector does not resolve the photon
number, that is, only two measurement results can be
produced at each run. The first result corresponds to
“no-detection”and is modelled by a projection on the
vacuum |0〉〈0|. The second possible result is a conclusive
detection corresponding to the projection into the
orthogonal subspace, that is, 1 − |0〉〈0|. If we attribute
the outcome +1 to a no-detection and −1 to a conclusive
detection, the observable including the displacement
operation is given by σα = D(α)† (2|0〉〈0| − 1)D(α).
In the qubit subspace {|0〉, |1〉}, σ0 corresponds exactly
to the Pauli matrice σz, that is, the outcome +1 (−1)
is associated to a projection into the state |0〉 (|1〉).
When α increases, the positive-operator valued measure
(POVM) elements associated to outcomes ±1 get closer
to projections in the x−y plane of the Bloch sphere hav-
ing |0〉 and |1〉 as north and south poles respectively [31].
For α = 1, these POVM elements are projections along
non-unit vectors pointing in the x direction, while for
α = i, they are noisy projections along the y direction.
This means that photon detection supplemented by a
displacement operation performs noisy measurements in
the qubit space {|0〉, |1〉} whose direction in the Bloch
sphere can be chosen by controlling the amplitude and
phase of the displacement.
Witnessing phonon-photon correlations in a qubit sub-
space— In order to clarify on how to witness entangle-
ment in two-mode squeezed vacuum using local observ-
ables σα, we consider the state projection in the qubit
subspace 1/
√
1 + ||2(|00〉 + |11〉). The sum of relevant
coherence terms |00〉〈11|+|11〉〈00| can be measured using
the ideal observable Mideal =
1
2pi
∫
(cosϕσx + sinϕσy) ⊗
(cosϕσx − sinϕσy)dϕ. Since separable states are i) non-
negative states and ii) they stay non-negative under
partial transposition [32, 33], these coherence terms
are bounded by 2 min{√p(0, 0)p(1, 1),√p(0, 1)p(1, 0)}
for two-qubit separable states. p(i, j) is the proba-
bility for having i photons in mode A1 and j pho-
tons in A2. Any state ρ such that Tr(Midealρ) >
2 min{√p(0, 0)p(1, 1),√p(0, 1)p(1, 0)} is thus entangled.
Since p(0, 1) = p(1, 0) = 0 and Tr(Midealρ) = 2Re()/(1+
||2) for a state of the form 1/√1 + ||2(|00〉+ |11〉), the
witness observable Mideal has the potential to detect en-
tanglement in two-mode squeezed vacuum, in the exper-
imentally relevant regime where the squeezing is small
2g˜+T1  1, that is, when the two-mode squeezed vac-
uum is well approximated by its projection in the qubit
subspace. This suggests that a relevant witness observ-
able for our purpose is
M(α, β) =
∫ 2pi
0
dφ
2pi
U†φ(σα ⊗ σβ)Uφ (5)
where the unitary Uφ = e
iφA†1A1 ⊗ e−iφA†2A2 is used
to randomize the phase of displacements through the
averaging over φ. Note that in Eq. (5), the amplitude
of displacements is a free parameter. Further note that
we are interested in revealing entanglement at the level
of the detection. The non-unit efficiency of the detector
can be seen as a loss operating on the state, i.e. the
beamsplitter modelling the detector inefficiency acts
before the displacement operation whose amplitude is
changed accordingly, see Appendix A. This allows us to
derive a witness observable with unit efficiency detection
and to include the detector efficiency at the end, see
Appendix B.
Witnessing phonon-photon correlations without dimen-
sionality restriction— Using the property of separable
states which stay positive under partial transposition,
4we show in Appendix B that the maximum mean value
M(α, β) can take if the measured state is separable is
such that
max
ρsep
(M(α, β)ρsep) ≤ S?(α, β) (6)
where S?(α, β) depends on some joint probabilities p(i, j)
for having i photons in mode A1 and j photons in A2 and
the marginal probabilities p(nA1 ≥ 2) and p(nA2 ≥ 2)
to have strictly more than one photon in mode A1 and
A2 respectively. These probabilities are bounded in
two steps in practice. In the first step, the probabil-
ity P (±1± 1|00) and P (∓1∓ 1|00) of having ±1 for the
outcomes of the detection of mode A1 and A2 without
displacement (α = β = 0) are measured. They pro-
vide the following upper bounds p(0, 0) ≤ P (+1+1|0, 0),
p(0, 1) ≤ P (+1 − 1|0, 0), p(1, 0) ≤ P (−1 + 1|0, 0) and
p(1, 1) ≤ P (−1 − 1|0, 0). Second, two detectors after a
50/50 beamsplitter are used to measure the probability
to get a twofold coincidence Pc(A1/2) after the beam-
splitter for both mode A1 and A2. These coincidence
probabilities provide the upper bounds on the missing
elements, that is, p(2, 1) ≤ p(nA1 ≥ 2) ≤ 2Pc(A1) and
p(1, 2) ≤ p(nA2 ≥ 2) ≤ 2Pc(A2). This results in a bound
S?(α, β) whose value depends on the local displacement
amplitudes α and β. Finally, the mean value Q(α, β)
of M(α, β) is measured by evaluating P (+1 + 1|α, β),
P (+1|α) and P (+1|β), that is
Q(α, β) = 1− 2P (+1|α)− 2P (+1|β) + 4P (+1 + 1|α, β).
If there is a value for the couple α, β such that
Q(α, β) − S?(α, β) > 0, we deduce that the photonic
modes A1 and A2 are entangled. Since the state
describing A2 is obtained from a local operation on the
phononic state, Q(α, β) − S?(α, β) > 0 also certifies
photon-phonon entanglement.
Results— We focus on the statistics that would be
collected in modes A1 and A2 if the upper sideband is
laser driven during the time interval T1 and the lower
sideband is subsequently driven for a duration T2. The
value Q − S? that would be obtained in this case when
optimizing the arguments of local displacements α, β
and the amount of initial squeezing g¯+T1 is shown in
Fig. (2) as a function of the phonon-photon conversion
efficiency T = 1 − e−2g¯−T2 for various overall detection
efficiency η, see Appendix C for more details. Fig. (2)
shows a very favorable robustness of our witness to
inefficiencies. We stress that the efficiency η represents
the global detection efficiency, including all the loss from
the cavity optomechanical system to the detector. We
here assumed that the mechanical system is prepared
in its ground state. In the more realistic case where
the initial mechanical cooling leads to a mechanical
thermal state with non-zero mean occupation number
n0, the results presented in Fig. (2) for η = 0.3 for
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FIG. 2. Difference Q − S? between the mean value of our
witness observable M(α, β) that would be observed between
the optical modes A1 and A2 and the maximum value that
would be obtained with a separable state as a function of the
phonon-photon conversion efficiency T = 1− e−2g¯−T2 for var-
ious overall detection efficiencies η, optimised over displace-
ment choices α, β and the amount of initial squeezing g¯+T1
which is kept small. Q− S? > 0 witnesses entanglement.
example are essentially unchanged as long as n0 ≤ 0.1
and substantial differences between Q and S? can still
be observed for n0 ∼ 1, see Appendix C.
Feasibility Study— To illustrate the feasibility, we fo-
cus on a photonic crystal nanobeam resonator [11, 34, 35]
which distinguishes itself by a high mechanical frequency
Ωm/2pi = 5.25 GHz [14]. Together with the cavity decay
rate κ/2pi = 846 MHz [14] and the optomechanical
coupling rate g0/2pi = 869 kHz [14], this resonator is
placed in the deep resolved sideband and weak coupling
regimes. To control the initial number of excitations,
we consider the use of a dilution refrigerator, which can
bring the mean phonon number n0 ∼ 0.2. Furthermore,
to prevent decoherence of the phonon state we also
consider pulse durations much smaller than the typical
decoherence time of the oscillator, which is of the order
of 10µs [34, 36]. Considering a global detection efficiency
η = 10%, an initial mean phonon number of n0 = 0.2 and
state-swap efficiency of T = 30% which can be realised
using a pulse laser resonant with the red sideband with
a duration of T2 = 50ns and intra-cavity photon number
n− ≈ 318, we expect to conclude about the presence of
entanglement (violation of the inequality Q − S? < 0
by 3 standard deviations) within 750000 experimental
runs, see Appendix D. This involves the creation of
a phonon-photon state using a blue-detuned pulse of
duration T1 = 50ns and n+ ≈ 298, and the choice of
displacement amplitudes α = −β = 2.63. Given the
experiments reported in Refs. [14, 15], we conclude that
our scheme appears feasible with currently available
technologies.
5Conclusion— We have presented a witness tailored
for the detection of opto-mechanical entanglement
using photon countings. Our proposal is based on the
measurement of single and twofold coincidence counts.
It requires basic phase stabilizations and is robust to
loss, see Appendix E. This makes us confident that it
can be used in present day experiments with photonic
crystal nanobeam resonators to show opto-mechanical
entanglement. Following the proposal of Ref. [7], it also
applies straightforwardly to electro-mechanical systems
where it could be used to demonstrate electro-mechanical
entanglement with non-gaussian resources.
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Appendix A - Modelling detectors with non-unit
efficiencies
The proposed entanglement witness relies on measure-
ments that are realized with non-photon resolving detec-
tors preceded by displacement operations in phase space.
As explained in the main text, we assign the outcome
+1 to a no-detection and −1 to a conclusive detection.
Given a state ρ in the mode corresponding to the bosonic
operators A1 and A
†
1, the probability to get the outcome
+1 using a displacement with argument α is given by
P (+1|α) = Tr(D(α)†|0〉〈0|D(α)ρ) . (7)
So far, we assumed that the detector has unit efficiency.
To model the detector inefficiency, a beamsplitter with
transmission η = cos2 θ can be introduced, that is
P (+1|α) = Tr
(
D(α)†U†θ |0¯〉〈0¯|UθD(α)ρ
)
.
with UA1c = e
θ(A†1c−A1c†), the auxiliary mode described
by c and c† being initially empty. The state |0〉 cor-
responds to the projection onto the vacuum for both A1
6and c. Commuting the beamsplitter and displacement op-
eration leads to
P (+1|α) = Tr
(
D(
√
ηα)†|0〉〈0|D(√ηα)Uθρ⊗ |0〉〈0|U†θ
)
.
This means that we can model the detection inefficiency
as loss operating on the state that is measured if the am-
plitude of the displacement operation is changed accord-
ingly. Hence, we consider detectors with unit efficiencies
to derive our entanglement witness, and only replace the
displacement amplitudes α→ √ηα, β → √ηβ at the end
to account for the non-unit detection efficiency.
Appendix B - Maximum value of the witness
observable for separable states
Our aim is to bound the value of the witness observable
M(α, β) =
∫ 2pi
0
dφ
2pi
U†φ(σα ⊗ σβ)Uφ (8)
with
Uφ = U
A1
φ ⊗ UA2−φ = eiφA
†
1A1 ⊗ e−iφA†2A2
when applied on separable states. We first use the fact
that the trace is cyclic. Hence, the phase averaging can
be applied on the state, that is
Tr(M(α, β)ρ) = Tr
(∫ 2pi
0
dφ
2pi
(σα ⊗ σβ)UφρU†φ
)
=
∫ 2pi
0
dφ
2pi
Tr
(
(σα ⊗ σβ)UφρU†φ
)
,
where the last equality holds by linearity of the trace.
Next, we recognise that the expectation value can be
obtained from the partial transposed quantities if ρ is
separable, that is, for ρsep = pi
∑
i ρ
i
A1
⊗ ρiA2 , we have
Tr(M(α, β)ρsep) =
∫ 2pi
0
dφ
2pi
∑
i
piTr
(
σTα(U
A1
φ ρ
i
A1U
A1†
φ )
T
)
×Tr
(
σβU
A2
−φρ
i
A2U
A2†
−φ
)
(9)
where T indicates the transpose in the photon number
basis. This can be shown in the following way
Tr
(
(σα ⊗ σβ)UφρsepU†φ
)
= Tr
(
(σα ⊗ σβ)Uφ
∑
i
piρ
i
A2 ⊗ ρiA1U†φ
)
=
∑
i
piTr
(
σαU
A1
φ ρ
i
A1U
A1†
φ
)
Tr
(
σβU
A2
−φρ
i
A2U
A2†
−φ
)
=
∑
i
piTr
(
σTα(U
A1
φ ρ
i
A1U
A1†
φ )
T
)
Tr
(
σβU
A2
−φρ
i
A2U
A2†
−φ
)
.
The previous expression can be further simplified using
the properties of the transpose, that is
Tr
(
(σα ⊗ σβ)UφρsepU†φ
)
=
∑
i
piTr
(
σTα(U
A1†
φ )
T ρi,TA1 (U
A1
φ )
T
)
Tr
(
σβU
A2
−φρ
i
A2U
A2†
−φ
)
=
∑
i
piTr
(
σTαU
A1
−φρ
i,T
A1
UA1†−φ
)
Tr
(
σβU
A2
−φρ
i
A2U
A2†
−φ
)
.
Further note that σTα = D(α
∗)† (2|0〉〈0| − 1)D(α∗) =
σα∗ . Hence,
Tr
(
(σα ⊗ σβ)UφρsepU†φ
)
=
∑
i
piTr
(
σα∗U
A1
−φρ
i,T
A1
UA1†−φ
)
Tr
(
σβU
A2
−φρ
i
A2U
A2†
−φ
)
= Tr
(
(σα∗ ⊗ σβ)(UA1−φ ⊗ UA2−φ)ρsep,TA1 (UA1†−φ ⊗ UA2†−φ )
)
.
Therefore
Tr(M(α, β)ρsep) = Tr
(
(σα∗ ⊗ σβ)ρsep,TA1rand
)
(10)
where
ρ
sep,TA1
rand =
∫ 2pi
0
dφ
2pi
(UA1−φ ⊗ UA2−φ)ρsep,TA1 (UA1†−φ ⊗ UA2†−φ ).
Interestingly, ρ
sep,TA1
rand has a simple structure due to the
phase randomization. It can be written as
ρ
sep,TA1
rand =

X
X X
X X
X X X
X . . . .
X . . . .
. . . .

(11)
in the basis {|00〉, |01〉, |10〉, |11〉, |02〉, |20〉...}. The check-
marks indicate non-zero terms. The upper block on the
left corresponds to the projection in the qubit subspace
where modes A1 and A2 are filled with at most one pho-
ton each. Similarly, the lower block on the right corre-
sponds to the projection on a subspace where at least
one mode is filled with at least two photons. The anti-
diagonal blocks correspond to coherences between these
two subspaces. Considering the contributions from each
of these blocks separately, we obtain
Tr(M(α, β)ρsep) = Tr
(
(σα∗ ⊗ σβ)ρsep,TA1 ,nA1≤1∩nA2≤1rand
)
+ 2× Re[〈11|(σα∗ ⊗ σβ)|02〉〈02|ρsep,TA1rand |11〉]
+ 2× Re[〈11|(σα∗ ⊗ σβ)|20〉〈20|ρsep,TA1rand |11〉]
+ Tr
(
(σα∗ ⊗ σβ)ρsep,TA1 ,nA1≥2∪nA2≥2rand
)
(12)
7where ρ
sep,TA1 ,nA1≤1∩nA2≤1
rand corresponds to the projec-
tion in the qubit subspace and ρ
sep,TA1 ,nA1≥2∪nA2≥2
rand is
the state projection in the subspace with two photons or
more in at least one of the modes.
Eq. (12) allows us to bound the value of the witness
observable in the case where the measured state is
separable. The reasoning is the following: Let p(i, j) be
the probability of having i photons in A1 and j photons
in A2 which is a diagonal element of the measured state
in the Fock basis. If this state is separable, we have
p(i, j) = 〈i, j|ρsep|i, j〉 = 〈i, j|ρsep,TA1rand |i, j〉. Furthermore
|〈i, j + 1|ρsep,TA1rand |i + 1, j〉| = |〈i + 1, j + 1|ρsep|i, j〉| ≤
min{√p(i, j)p(i+ 1, j + 1),√p(i, j + 1)p(i+ 1, j)}
since both ρsep and its partial transpose
are positive. Similarly, we have |〈i +
1, j|ρsep,TA1rand |i, j + 1〉| = |〈i, j|ρsep|i + 1, j + 1〉| ≤
min{√p(i, j)p(i+ 1, j + 1),√p(i+ 1, j)p(i, j + 1)}.
This means that the value of the first term in Eq. (12)
is bounded by
Tr
(
(σα∗ ⊗ σβ)ρsep,TA1 ,nA1≤1∩nA2≤1rand
)
=
1∑
i,j=0
〈ij|σα∗ ⊗ σβ |ij〉p(i, j)
+2× Re[〈01|σα∗ ⊗ σβ |10〉〈00|ρsep|11〉]
≤
1∑
i,j=0
〈ij|σα∗ ⊗ σβ |ij〉p(i, j)
+2|〈01|σα∗ ⊗ σβ |10〉〈00|ρsep|11〉|
=
1∑
i,j=0
〈ij|σα∗ ⊗ σβ |ij〉p(i, j)
+2|〈01|σα∗ ⊗ σβ |10〉||〈00|ρsep|11〉|
≤
1∑
i,j=0
〈ij|σα ⊗ σβ |ij〉p(i, j)
+2|〈01|σα ⊗ σβ |10〉|
×min{
√
p(0, 0)p(1, 1),
√
p(0, 1)p(1, 0)}
where in the last 2 lines, α and β can be considered as
real numbers without loss of generality. Similarly, the
coherences in the second and third terms are bounded
by
2× Re[〈11|σα∗ ⊗ σβ |02〉〈02|ρsep,TA1rand |11〉]
≤ 2|〈11|σα ⊗ σβ |02〉|
×min{
√
p(1, 2)p(0, 1),
√
p(0, 2)p(1, 1)}
and
2× Re[〈11|σα∗ ⊗ σβ |20〉〈20|ρsep,TA1rand |11〉]
≤ 2|〈11|σα ⊗ σβ |20〉|
×min{
√
p(1, 0)p(2, 1),
√
p(2, 0)p(1, 1)}.
As for the last term, we use the fact ρ
sep,TA1
rand is a
physical state, so that its projection into the subspace
where there is at least two photons in at least one
mode is also a physical state with a norm given by
Tr
(
ρ
sep,TA1 ,nA1≥2∪nA2≥2
rand
)
= p(nA1 ≥ 2 ∪ nA2 ≥ 2). The
maximum eigenvalue of the observable (σα∗ ⊗ σβ) being
one, we conclude that
Tr
(
(σα∗ ⊗ σβ)ρsep,TA1 ,nA1≥2∪nA2≥2rand
)
≤ p(nA1 ≥ 2) + p(nA2 ≥ 2). (13)
Hence, a bound on the maximum mean value S?(α, β)
that M(α, β) can take if the measured state is separable
max
ρsep
(Tr(M(α, β)ρsep)) ≤ S?(α, β) (14)
can be obtained by upper bounding some joint proba-
bilities p(i, j) for having i photons in mode A1 and j
photons in A2 and the marginal probabilities p(nA1 ≥ 2)
and p(nA2 ≥ 2) to have strictly more than one photon
in mode A1 and A2 respectively.
These probabilities can be bounded experimentally in
two steps. In the first step, the probabilities P (±1 ±
1|00) and P (∓1 ∓ 1|00) of having outcomes ±1 for the
measurement of mode A1 and A2 without displacement
(α = β = 0) are determined. They provide the following
upper bounds
p(0, 0) ≤ P (+1 + 1|0, 0), p(0, 1) ≤ P (+1− 1|0, 0),
p(1, 0) ≤ P (−1 + 1|0, 0), p(1, 1) ≤ P (−1− 1|0, 0).
Second, a measurement similar to an autocorrelation
measurement using two detectors after a 50/50 beam-
splitter is used to measure the probability to get a
twofold coincidence Pc(A1/2) after the beamsplitter for
both mode A1 and A2. These coincidence probabilities
provide the upper bounds on the missing elements, that
is,
p(2, 1) ≤ p(nA1 ≥ 2) ≤ 2Pc(A1)
p(1, 2) ≤ p(nA2 ≥ 2) ≤ 2Pc(A2).
Once the detection efficiency is included, one gets the
8following upper bound
S?(α, β)
= 〈0|σ√ηα|0〉〈0|σ√ηβ |0〉P (+1 + 1|0, 0)
+ 〈0|σ√ηα|0〉〈1|σ√ηβ |1〉P (+1− 1|0, 0)
+ 〈1|σ√ηα|1〉〈0|σ√ηβ |0〉P (−1 + 1|0, 0)
+ 〈1|σ√ηα|1〉〈1|σ√ηβ |1〉P (−1− 1|0, 0)
+ 2|〈0|σ√ηα|1〉〈1|σ√ηβ |0〉|
×min{
√
P (+1 + 1|0, 0)P (−1− 1|0, 0),√
P (+1− 1|0, 0)P (−1 + 1|0, 0)}
+ 2
√
2|〈1|σ√ηα|0〉〈1|σ√ηβ |2〉|
×min{
√
Pc(A2)P (+1− 1|0, 0),√
Pc(A2)P (−1− 1|0, 0)}
+ 2
√
2|〈1|σ√ηα|2〉〈1|σ√ηβ |0〉|
×min{
√
Pc(A1)P (−1 + 1|0, 0),√
Pc(A1)P (−1− 1|0, 0)}
+ 2Pc(A1) + 2Pc(A2), (15)
where
〈0|σ√ηα|0〉 = −1 + 2e−(
√
ηα)2
〈1|σ√ηα|1〉 = −1 + 2(√ηα)2e−(
√
ηα)2
〈0|σ√ηα|1〉 = −2(√ηα)e−(
√
ηα)2
〈0|σ√ηα|2〉 =
√
2(
√
ηα)2e−(
√
ηα)2
〈1|σ√ηα|2〉 = −
√
2(
√
ηα)3e−(
√
ηα)2
In practice, the separable bound is obtained by inserting
directly the measured probabilities P (±1 ± 1|0, 0),
P (∓1 ± 1|0, 0), Pc(A1) and Pc(A2) into the previous
expression. Note that there is no need to know the
amplitude of the displacement and the detector efficiency
separately as only the knowledge of the product
√
ηα
is needed. This is convenient as α2η can be directly
obtained from the click rate on the detector.
Finally, the mean value Q(α, β) of M(α, β) is mea-
sured. If there is a value for the couple α, β such that
Q(α, β) − S?(α, β) > 0, we deduce that the assumption
on separability does not hold, that is, the photonic
modes A1 and A2 are entangled. Since the state
describing A2 is obtained from a local operation on the
phononic state, Q(α, β) − S?(α, β) > 0 also certifies
entanglement between the photon mode A1 and the
phonon mechanical mode.
Appendix C - Estimation of the experimental value
of the witness observable
We here estimate the mean value of M(α, β) that can
be obtained in practice, that is, we estimate the value
of Q(α, β) using a realistic model of the proposed ex-
periment. We consider the case where the mechanical
oscillator is not exactly prepared in its ground state at
the beginning of the experiment but has a main thermal
excitation n0. The corresponding state can be written as
a mixture of coherent states |γ〉, that is
ρb =
1
pin0
∫
d2γ e−|γ|
2/n0 |γ〉〈γ|. (16)
We then consider that the blue-detuned excitation is on
during a time interval T1 such that the probability that
at least one photon-phonon pair is created is given by p =
1− e−2g˜+T1 . The red-detuned excitation is then switched
on during a time interval T2 such that the phonon-photon
conversion efficiency is given by T = 1 − e−2g¯−T2 . The
detection efficiency is η for both mode A1 and A2. Fol-
lowing the procedure presented in Ref. [6], we find
P (+1 + 1|α, β)
=
1− p
1 + n0ηT − p(−1 + η + n0η)(−1 + ηT ) × e
−
[
η|α|2[(1+p(−1+ηT )+n0ηT )]+η|β|2[(1+p(−1+η+n0η))]+η2(αβ+α∗β∗)(1+n0)
√
pT
1+n0ηT−p(−1+η+n0η)(−1+ηT )
]
, (17)
P (+1|α) = (1− p) e
− η|α|2(1−p)
p(η+ηn0−1)+1
p(η + ηn0 − 1) + 1 , (18)
P (+1|β) = (1− p) e
− η|β|2(1−p)
ηT (n0+p)−p+1
ηT (n0 + p)− p+ 1 . (19)
These expressions allows us to deduce the expected mean
value for the witness observable Q(α, β) using
Q(α, β) = 1− 2P (+1|α)− 2P (+1|β) + 4P (+1 + 1|α, β).
This observed value Q(α, β) must then be compared to
the maximum value S?(α, β) for all separable states to as-
sess the presence of entanglement. To estimate S?(α, β),
we still need to estimate the probabilities of coincidence
9counts after a 50/50 beamsplitter on each mode. For ex-
ample, sending mode A1 into a 50-50 beamsplitter yields
two output modes a1 and a
′
1 with photon number prob-
abilities
P (na1 = m,na′1 = 0)
=2−m(1− p) [p(1 + n0)η]
m
[1− p(1− η − n0η)]m+1
=P (na1 = 0, na′1 = m),
which then allows us to obtain the probabilities for coin-
cidence counts on mode A1,
Pc(A1) = 1− P (na1 = 0, na′1 = 0)
−
∞∑
m=1
P (na1 = m,na′1 = 0)
−
∞∑
m=1
P (na1 = 0, na′1 = m)
= 1− 1− p
1− p(1− η − n0η)
− 2
[
(1 + n0)(1− p)ηp
(2− p(2− η − ηn0))(1 + p(−1 + η + n0η))
]
.
Similarly for mode A2, the probability for coincidence
counts is given by
Pc(A2)
= 1− 1− p
1− p+ (n0 + p)Tη
− 2
[
(1− p)(n0 + p)Tη
(2 + n0Tη + p(−2 + Tη))(1 + n0Tη + p(−1 + Tη))
]
.
These probabilities allow us to estimate the value of
S?(α, β) from Eq. (15) and thus to deduce Q(α, β) −
S?(α, β). The result is shown in Fig. 2 of the Main Text
as a function of the conversion efficiency T for various
detection efficiency in the case where the mechanical sys-
tem is initially in its ground state n0 = 0. Fig. 3 shows
Q(α, β) − S?(α, β) for various values of initial thermal
excitations in the resonator n0.
It is important to mention that the same values for
Q − S? are obtained in the case where η corresponds
to the efficiency with which the photons are generated
and transmitted until the displacement operation and
are subsequently detected with unit efficiency detectors,
although with different displacement amplitudes. This
is clear mathematically since the same statistics are ob-
tained with loss operating before or after the displace-
ment operations provided that the displacement ampli-
tude is changed accordingly, c.f. section A. The results
presented in Fig. 2 of the main text can thus be seen as
the expected value of the observable witness with respect
to the separable bound for various overall detection effi-
ciencies, including all the loss from the generation to the
detection of photons.
FIG. 3. Optimal values of the witness observable Q with re-
spect to the separable bound S? for unit detection efficiency
(η = 1) as a function of the phonon-photon conversion effi-
ciency T = 1 − e−2g¯−T2 for various values of the mechanical
thermal noise n0. The difference Q − S? is optimised over
the displacement amplitudes α, β and the amount of initial
squeezing g¯+T1.
Appendix D - Statistical Analysis
What we have calculated so far for expected values of
Q − S? are asymptotic values. These values are derived
from probabilities computed using the Born rule, and
are guaranteed to be the observed quantities only in the
situation where the number of experimental runs tends
to infinity.
The number of runs available, however, are limited
in practice. This would lead to a scenario where, due
to statistical fluctuations, an experiment that reveals
Q− S? > 0 in the asymptotic case might not reveal this
entanglement with limited runs. To overcome this, we re-
quire sufficient runs for an estimator Q(α, β)− S?(α, β),
so that its variance will be low as compared to its asymp-
totic value Q(α, β)−S?(α, β). This guarantees that a sig-
nificant violation is likely to be experimentally observed.
Once such a violation is observed, a similar calculation
could be made to guarantee that the observed statistics
are not compatible with an entangled state, i.e. bounding
the possible p-value.
We now present how we form an appropriate estimator
for our witness. As an initial example, an event with
probability P (m) can be estimated with N runs, using a
sample estimator P (m)
P (m) =
1
N
N∑
i
xi , xi
 +1 if the i-th run shows ‘m’0 otherwise ,
This is a consistent estimator, as the expectation value
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of the sample gives the quantity to be estimated
E
(
P (m)
)
= E
( 1
N
N∑
i
xi
)
=
1
N
N∑
i
E(xi)
= P (m). (20)
The variance of the sample estimator with N runs can
be found to scale with 1N , since noting that x
2
i = xi, we
have
E
(
[P (m)]2
)
= E
( 1
N2
N∑
i,j
xixj
)
=
1
N2
E
(∑
i=j
xixj +
∑
i 6=j
xixj
)
=
1
N2
[∑
i=j
E(xixj) +
∑
i6=j
E(xixj)
]
=
1
N2
[ N∑
i
E(x2i ) +
N∑
i
E(xi)
∑
j 6=i
E(xj)
]
=
1
N2
[
NP (m) +N(N − 1)P (m)2
]
, (21)
and we compute
Var
(
P (m)
)
= E
([
P (m)
]2)
− E
(
P (m)
)2
=
1
N
P (m)
[
1− P (m)], (22)
allowing us to assess the variance of P (m) as a function
of the probability P (m) and the number of runs. If the
variance of the sample estimator is small using N runs,
one can be confident that in those N runs the sample
estimator gives a value close to its expectation value.
Let us now move on to more complicated combina-
tions of estimators, starting with linear combinations.
The variance of linear combinations of probabilities of
different events can be easily computed if the runs are
uncorrelated. For example, if we estimate P (m) from a
sample of N1 runs, and P (n) from a sample of separate
N2 runs, then
Var
(
αP (m) + βP (n)
)
= α2Var
(
P (m)
)
+ β2Var
(
P (n)
)
(23)
by the well known variance addition formula for uncor-
related data.
Other examples include the product of two probabili-
ties, such as P (m)P (n). One could use a natural choice
for the estimator, where probabilities P (m)(P (n)) are as-
sessed with NA(NB) runs over separate data, such that
P (m)P (n) =
1
NA
NA∑
i
xi
1
NB
NB∑
j
yj , (24)
where yi is assigned to indicate runs showing ‘n’, similar
to the case for P (m). One can easily see that our esti-
mator is consistent, giving E
(
P (m)P (n)
)
= P (m)P (n).
One can also get the variance of this chosen estimator as
an explicit function of P (m), P (n), NA and NB .
Considering now the quantites in S?, however, we have
terms involving the square root of products of two prob-
abilities. Choosing a natural choice for the estimator as
we did before does not give us the analytical functions
for the variance we would like, since if for
√
P (m)P (n)
we use the estimator
√
P (m)P (n) =
√√√√ 1
NA
NA∑
i
xi
1
NB
NB∑
j
yj , (25)
then we obtain
E
([√
P (m)P (n)
]2)
= P (m)P (n) (26)
but
E
(√
P (m)P (n)
)
=E
(√√√√ 1
NA
NA∑
i
xi
1
NB
NB∑
j
yj
)
≤
√√√√E( 1
NA
NA∑
i
xi
1
NB
NB∑
j
yj
)
=
√
P (m)P (n), (27)
leading only to the trivial bound Var
(√
P (m)P (n)
)
≥ 0.
We thus do not consider such estimators directly in our
variance assessment for nonlinear terms.
We instead consider a linearisation on the nonlinear
quantities in S?(α, β) by finding the tangent surface at a
point. We recall that for a 2-dimensional function f(x, y),
the tangent surface at the point (x0, y0) is given by
flinear
=f(x0, y0) + fx(x0, y0)(x− x0) + fy(x0, y0)(y − y0),
where the partial derivatives of f(x, y) to x(y) are
fx(y)(x, y) respectively.
With this, we can find the tangent surface to each
of the square root terms and obtain linear com-
binations of probabilities. For example, for z =√
P (+1 + 1|0, 0) P (−1− 1|0, 0) at the point (A,B), we
have
z =
√
P (+1 + 1|0, 0) P (−1− 1|0, 0)
≤ 1
2
[√
B
A
P (+1 + 1|0, 0) +
√
A
B
P (−1− 1|0, 0)
]
= zlinear.
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In this case it is important to note that the resulting lin-
ear combination of probabilities forms an upper bound
due to the concavity of the square root function, over-
estimating z in a conservative manner. We stress that
any surface zlinear with nonzero A and B is a valid upper
bound on z. Since we overestimate quantities that are in
S?(α, β), this does not lead to a false conclusion of en-
tanglement. To assess the value of zlinear, we can now use
individual estimators P (+1 + 1|0, 0) and P (−1− 1|0, 0)
that converge to P (+1 + 1|0, 0) and P (−1 − 1|0, 0) re-
spectively, so that
zlinear =
1
2
[√
B
A
P (+1 + 1|0, 0) +
√
A
B
P (−1− 1|0, 0)
]
,
and whose variance we can easily compute assuming sep-
arate runs in the estimation for each term.
At this point, A and B can independently take any
nonzero value from 0 to 1, and still give valid linearised
upper bounds. To select more optimal values for A and
B in such a linearised estimator, one can perform an
initial calibration experiment. Given these values, one
can then form a valid, but close to optimal zlinear. We
first point out with an infinite number of runs for the
calibration, an accurate calibration is possible, yield-
ing A = P (+1 + 1|0, 0)cal → P (+1 + 1|0, 0) and B =
P (−1 − 1|0, 0)cal → P (−1 − 1|0, 0). Furthermore, con-
sistent estimators asymptotically converge to the quan-
tum values, giving P (+1 + 1|0, 0) → P (+1 + 1|0, 0) and
P (−1− 1|0, 0) → P (−1 − 1|0, 0). Therefore in the case
where P (+1 + 1|0, 0) and P (−1−1|0, 0) are nonzero, the
asymptotic zlinear = z.
We thus create an estimator Q(α, β)− S?linear(α, β) in
this best case scenario, made up of a linear combination
of individual estimators so that we can easily assess its
variance
Q(α, β)− S?(α, β) ≤ Q(α, β)− S?linear(α, β)
=P (+1 + 1|α, β) + P (+1− 1|α, β)
+P (−1 + 1|α, β) + P (−1− 1|α, β)
−〈0|σ√ηα|0〉〈0|σ√ηβ |0〉P (+1 + 1|0, 0)
−〈0|σ√ηα|0〉〈1|σ√ηβ |1〉P (+1− 1|0, 0)
−〈1|σ√ηα|1〉〈0|σ√ηβ |0〉P (−1 + 1|0, 0)
−〈1|σ√ηα|1〉〈1|σ√ηβ |1〉P (−1− 1|0, 0)
−|〈0|σ√ηα|1〉〈1|σ√ηβ |0〉|
×min
[
k1 P (+1 + 1|0, 0) + k−11 P (−1− 1|0, 0),
k2 P (+1− 1|0, 0) + k−12 P (−1 + 1|0, 0)
]
−
√
2|〈1|σ√ηα|0〉〈1|σ√ηβ |2〉|
×min
[
k3 Pc(A2) + k
−1
3 P (+1− 1|0, 0),
k4 Pc(A2) + k
−1
4 P (−1− 1|0, 0)
]
−
√
2|〈1|σ√ηα|2〉〈1|σ√ηβ |0〉|
×min
[
k5 Pc(A1) + k
−1
5 P (−1 + 1|0, 0),
k6 Pc(A1) + k
−1
6 P (−1− 1|0, 0)
]
−2
[
Pc(A1) + Pc(A2)
]
, (28)
where1 k1 =
√
P (−1−1|0,0)cal
P (+1+1|0,0)cal , k2 =
√
P (−1+1|0,0)cal
P (+1−1|0,0)cal ,
k3 =
√
P (+1−1|0,0)cal
Pc(A2)cal
, k4 =
√
P (−1−1|0,0)cal
Pc(A2)cal
, k5 =√
P (−1+1|0,0)cal
Pc(A1)cal
and k6 =
√
P (−1−1|0,0)cal
Pc(A1)cal
.
With a budget of Ntotal runs, we can now minimise the
variance of Q(α, β)− S?linear(α, β) over possible distribu-
tions of Ntotal runs across each estimator term within.
For our purposes, we will consider a number of runsNtotal
sufficient for revealing entanglement if the variance for an
accurately calibrated Q(α, β)− S?linear(α, β) is such that√
Var
(
Q(α, β)− S?linear(α, β)
)
≤ 1
3
[
Q(α, β)− S?(α, β)]. (29)
In the case discussed in the Main Text, where one has
η = 10%, n0 = 0.2 and a state-swap efficiency of T = 30%
we find that Ntotal = 750000 runs are sufficient.
1 If one has some knowledge of the state parameters, one might
even compute the expected asymptotic values to use as the cal-
ibration parameters. The use of this knowledge does not affect
the validity of the entanglement conclusion from the actual ex-
periment, as it only varies the overestimation of each term of the
witness.
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Appendix E - Implementation
We present in Fig. 4 a possible way to implement
our proposal. Pulses which are created at the cavity fre-
quency ωc, are split before being sent into Mach-Zehnder
interferometers. The pulses in the first interferometer are
used to drive the opto-mechanical system, that is, the fre-
quency in the short and long arm is shifted so as to be
resonant with the relevant optomechanical sidebands im-
plementing the two-mode squeezing and phonon-photon
state transfer operations respectively. Each arm of the
second interferometer is equipped with phase and am-
plitude modulators to set the the phase and amplitude
of displacement operations. The latter is indeed imple-
mented by combining the state to be displaced and a co-
herent state into a partially reflecting beamsplitter. The
modulators are here to guarantee that both states are
indistinguishable in all degrees of freedom, differing only
with regards to their photon number distribution.
FIG. 4. Schematic of a possible setup. A laser set to the reso-
nant frequency of the cavity is sent onto a beamsplitter where
the beam is diverted towards interferometers A and B. Inter-
ferometer A is set up such that the pulse on the shorter/longer
path is respectively detuned by plus/minus the mechanical
frequency. The blue and red detuned pulses then enter the
cavity and result in optical modes A1 and A2 which we de-
tect for the witness. Interferometer B separates the incoming
light into two paths, each modified so as to obtain the am-
plitude and phase of the respective displacement operation.
Light leaving interferometer B then combines with the light
from the cavity in order to realise the displacement operations
before the photon detection. The two methods of detection
required are shown in (a) using a single detector capable of
measuring both A1 and A2, and in (b) with two detectors
after a beamsplitter to measure coincidences.
We point out that this scheme imposes minimal re-
quirements on the phase stability. As can be seen in Fig.
4, the only phase stability requirement is that the relative
path length fluctuations in each of the interferometers A
and B are small with respect to the wavelength. Phase
stability in the larger interferometer that separates the
initial laser pulses towards interferometers A and B is not
required. Furthermore, for the detection of outcomes, at
most twofold coincidences are required.
Finally, let us list the steps one should take to certify
optomechanical entanglement.
1. Evaluate S?(α, β) by first recording the events
‘click’ and ‘no-click’ without displacement (mea-
surement scheme (a)) to obtain the probabilities
P (±1,±1|0, 0) and P (±1,∓1|0, 0); and then intro-
ducing a beamsplitter and recording the coinci-
dences (measurement scheme (b)) to obtain Pc(A1)
and Pc(A2).
2. Evaluate Q(α, β) by recording the events ‘click’
and ‘no-click’ with settings α and β, to obtain
P (±1,±1|α, β) and P (±1,∓1|α, β).
3. Conclude entanglement if there is a couple (α, β)
such that Q(α, β)− S?(α, β) > 0.
